Abstract: Sphalerite and arsenopyrite can host trace elements (e.g., Ge, Cd and Au) that are important for high technology applications. These trace elements are incorporated into the structure of the host mineral (e.g., by substitution) if inclusions are apparently absent. Focused ion beam technique and transmission electron microscopy combined with electron microprobe analysis allow for the correlation from micrometre to the nanometre scale in order to investigate the locations of trace elements in situ within the host minerals. Therefore, Ge-rich sphalerite from the Tres Marias Zn-Pb-Ge deposit in Mexico and auriferous arsenopyrite from the Ashanti Au mine in Ghana are investigated. Sphalerite from Tres Marias contains Ge concentrations of up to 1430 lg/g and is characterised by elevated Fe contents. Germanium is homogeneously distributed within the sphalerite lattice without the presence of distinct Ge-bearing phases in the form of inclusions or exsolutions. In arsenopyrite from the Ashanti mine, Au occurs as oriented sub-microscopic discrete phases showing at least two distinct orientations, which cause the observed trace-element concentrations visible at larger scale. The formation of nanometre-sized gold particles in arsenopyrite is interpreted as enrichment of Au at the interface of crystallising arsenopyrite with the hydrothermal fluid and subsequent crystallisation of nanometre-sized gold grains at the surface of arsenopyrite after the critical concentration for nucleation was overstepped.
Introduction
Trace elements in ore minerals are of economic importance as they can be valuable by-products or even represent the main economic value of a deposit. The textures of ore minerals and the siting of trace elements within ore minerals are important for ore processing and can reveal the genetic history of an ore deposit. For ''classic'' ore minerals like sphalerite (ZnS) and arsenopyrite (FeAsS) it is commonly assumed that trace elements are incorporated into the crystal lattice of the host mineral (e.g., by substitution) if inclusions are apparently absent.
So far, trace element concentrations of sphalerite and arsenopyrite were studied using analytical methods (e.g., Cabri et al., 1984 Cabri et al., , 1989 Cook & Chryssoulis, 1990; Oberthür et al., 1994 Oberthür et al., , 1997 Cook et al., 2009 Cook et al., , 2013 Cook et al., , 2016 Saini-Eidukat et al., 2009 , such as Electron Probe Microanalysis (EPMA), Particle-Induced X-ray Emission (PIXE), Secondary Ion Mass Spectrometry (SIMS), LaserAblation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), and X-ray Absorption Near Edge Structure (XANES). These studies showed that both Ge concentrations in sphalerite and Au contents in arsenopyrite can be in the 100 lg/g range up to a few weight percent. However, the drawback of these analytical methods is the spatial resolution as beam sizes are typically in the range of 1 to > 50 lm. The technical improvement of Transmission Electron Microscopy (TEM) and the development of a combination of Focused Ion Beam (FIB) with TEM allows to link the observations on the lm scale using conventional methods with the nm scale of TEM (Wirth, 2004 (Wirth, , 2009 . Therefore, in order to investigate the siting of trace elements in situ in the host minerals on a sub-lm scale, a combination of FIB-TEM and EPMA is applied. Preparation of FIB foils for TEM studies with applications in geosciences exists for about 15 years (Wirth, 2004 (Wirth, , 2009 , but this technique has only occasionally been applied to problems related to ore genesis (e.g., Cook et al., 2009; Ciobanu et al., 2011 Ciobanu et al., , 2017 Wirth et al., 2013) . For example, Wirth et al. (2013) and Junge et al. (2015) used a combination of FIB and TEM to document the presence of nm-sized discrete platinum-group mineral inclusions in sulphides from the Bushveld Complex, South Africa.
This study uses a FIB-TEM approach combined with EPMA to link the observation on the lm-scale with the nm-sized distribution of Ge in sphalerite and Au in arsenopyrite.
Previous work

Sphalerite
Sphalerite is the most important ore mineral for Zn, but may host a broad range of minor and trace elements that could represent valuable by-products (Fleischer, 1955; Johan, 1988; Cook et al., 2009 Cook et al., , 2015 Ciobanu et al., 2011; Ye et al., 2011; Belissont et al., 2014) . Similarities in size and valence of these minor and trace elements compared to the tetrahedrally coordinated Zn, facilitates substitution for Zn in the sphalerite structure (e.g., Cook et al., 2009) . Germanium is of special interest as it is an important element for high-technology applications, such as fibre optic systems, infrared optics, polymerisation catalysts, and lightemitting diodes (Melcher & Buchholz, 2014; Cook et al., 2015) . Economically important sources are either Ge-rich coal seams or sphalerite from Pb-Zn sulphide deposits formed at relatively low temperatures (Bernstein, 1985; Höll et al., 2007; Seredin, 2012; Melcher & Buchholz, 2014; Cook et al., 2016) . Sphalerite may contain remarkable Ge concentrations of up to 3000 lg/g (Bernstein, 1985; Höll et al., 2007; Cook et al., 2009; Melcher & Buchholz, 2014) .
It is assumed that Zn 2+ in sphalerite is either directly substituted by Ge 2+ or by Ge
4+
, which generates vacancies in the sphalerite structure to compensate charge (Cook et al., 2009 (Cook et al., , 2015 . However, the presence of Ge 4+ in sphalerite is more reasonable as this is the dominant species occurring in the environment and in natural compounds (Belissont et al., 2014) . Additionally, Ge 4+ was determined by XANES data in sphalerite from Tres Marias (Cook et al., 2015) . Other authors suggest coupled substitution with Cu and Ag based on correlation of these elements with Ge (Bernstein, 1985; Johan, 1988; Cook et al., 2009; Belissont et al., 2014) . The presence of metals like Cu and Ag possibly enhances the ability to incorporate other trace elements (Belissont et al., 2014) .
Arsenopyrite
Gold generally occurs as native free-milling gold or as refractory (also termed ''invisible'') Au incorporated in sulphides, especially arsenopyrite. Both types may occur side by side within a single deposit (Oberthür et al., 1994 (Oberthür et al., , 1997 . Refractory Au is either present in the form of nm-sized particles or occurs lattice-bound in the crystal structure (solid solution) of the host mineral (e.g., Cabri et al., 1989; Sung et al., 2009) , but both styles are mutually exclusive (Cabri et al., 2000) . Rather high Au contents of up to 1.52 wt% are reported for natural arsenopyrite (Johan et al., 1989) , but also synthetic arsenopyrite containing up to 3 wt% Au has been prepared (Fleet & Mumin, 1997) . Refractory Au is heterogeneously distributed and related to growth zones, which is interpreted as Au being cogenetic with the hosting arsenopyrite (Cathelineau et al., 1989; Fleet & Mumin, 1997; Cabri et al., 2000; Sung et al., 2009) . In general, Au-bearing arsenopyrite is deficient in As compared to its stoichiometric composition (Genkin et However, the opposite trend that high Au contents in arsenopyrite correlate with excess in As and deficiency in Fe are also reported (Cathelineau et al., 1989; Fleet & Mumin, 1997; Cepedal et al., 2008) . Incorporation of lattice-bound Au into arsenopyrite may result from substitution of Fe by Au as both elements show negative correlation (Yang et al., 1998; McClenaghan et al., 2004; Sung et al., 2009) , but other authors (Genkin et al., 1998) did not observe this correlation.
Methods and origin of samples
Following conventional methods of study using ore microscopy, Scanning Electron Microscopy (SEM) and EPMA, four electron-transparent foils of sphalerite (#4932, #4933, #4934, #4937) from the Tres Marias deposit in Mexico (Figs. 1a-1c ) and five foils of arsenopyrite (#4959, #4961, #4964, #4966, #4969) from the Ashanti mine in Ghana (Figs. 1d and 1e) were prepared with FIB at the German Research Centre for Geosciences (GFZ) in Potsdam.
The sphalerite sample (AS7885a, TM06-07) originates from the Tres Marias Zn-Pb-Ge deposit in Mexico, which contains sphalerite and willemite with extraordinary high Ge contents Gold-bearing arsenopyrite originates from the Ashanti mine in Ghana (AS3999, GH 124) and was previously studied in detail by Oberthür et al. (1994 Oberthür et al. ( , 1997 . Gold mineralisation is related to steep, NNE-SSW to NE-SW trending shear zones predominantly transecting metasediments of the Paleoproterozoic (2.2-2.1 Ga) Birimian Supergroup (Oberthür et al., 1994 (Oberthür et al., , 1997 . Gold is bimodally distributed either as refractory Au in sulphide ores with auriferous arsenopyrite as the main ore mineral or as free-milling gold in quartz veins (Oberthür et al., 1994 (Oberthür et al., , 1997 . Auriferous arsenopyrite is the dominant ore mineral in the Ashanti mine and is accompanied by pyrite, pyrrhotite, and marcasite (Oberthür et al., 1997) . EPMA data for arsenopyrite showed that As contents range from 39.4 to 45.9 wt% with up to 2.02 wt% Ni, 1.17 wt% Co and Sb contents generally below 0.2 wt% (Oberthür et al., 1994) . The As/S ratios are highly variable with lower As/S ratios (27.2-29.4 at% As) in the core and higher As/S ratios (32.3-33.5 at% As) in the outer zones (Oberthür et al., 1994) . Oberthür et al. (1994 Oberthür et al. ( , 1997 ) also studied the micro-distribution of Au in 326 S. Goldmann et al.
arsenopyrite by SIMS with Au contents ranging from 1 to 2500 lg/g (mean 190 lg/g, n = 125). There is a general distribution of Au in arsenopyrite with Au-poor cores and elevated Au contents along distinct crystal growth zones towards the rim, whereas the outermost layer is usually Au-poor (Oberthür et al., 1994 (Oberthür et al., , 1997 . The composition of sphalerite and arsenopyrite was analysed with a JEOL JXA-8530F electron microprobe by wavelength-dispersive spectrometry at the Federal Institute for Geosciences and Natural Resources (BGR) in Hannover using the following analytical conditions: 25 kV acceleration voltage, 100 nA beam current, and measuring time of up to 240 s on peak. Analytical setup for sphalerite and arsenopyrite including the respective X-ray line, reference material, spectrometer crystal, and measuring time for each element are listed in Tables 1 and 2 , respectively. Element distribution maps of arsenopyrite were generated using combined wavelength-dispersive and energy-dispersive X-ray spectrometry.
The combination of FIB with TEM allows a direct link between the crystal and its chemical composition on the nm scale. The preparation of electron-transparent foils for the TEM investigation was carried out using the site-specific FIB technique at GFZ in Potsdam. For this study, foils with a size of about 15 · 10 · 0.15 lm from chosen locations within sphalerite and arsenopyrite were sputtered with Ga ions accelerated to 30 keV. For the TEM study, a FEI F20 X-Twin transmission electron microscope with a Schottky field emitter as electron source was used at GFZ. The TEM is equipped with a Gatan Tridiem Imaging Filter, a Fishione High-Angle Annular Dark Field (HAADF) detector allowing for Z-contrast sensitive imaging, and an EDAX energy-dispersive X-ray spectrometer (Wirth et al., 2013) . Crystallographic information of nm-sized crystals and host minerals were obtained from fast Fourier transforms (FFT) which have been calculated from high-resolution images (HRTEM). For that purpose, measured d-spacings from single-crystal diffraction patterns were compared with The Ge contents in sphalerite from Tres Marias are confirmed by EPMA measurements close to the position of the FIB cuts (Figs. 1a-1c) . Germanium-bearing sphalerite (number of spot analyses n = 8, Table 3 ) has S contents between 31.65 and 32.34 wt% (median = 32.03 wt%), Zn concentrations ranging from 58.48 to 61.27 wt% (median = 59.24 wt%), and Fe contents varying from 3.97 to 6.63 wt% (median = 6.20 wt%), respectively. Cadmium (from ca. 2200 up to 3600 lg/g, median % 2800 lg/g) occurs as minor element in Ge-rich sphalerite. Germanium concentrations range from 150 to 1430 lg/g (median % 940 lg/g). In contrast, Ge-free (Ge below EPMA detection limit) sphalerite (number of spot analyses n = 5, Table 3 ) is characterised by higher Cd (ca. 3100 to 9650 lg/g, median = 3300 lg/g), but slightly lower Fe contents between 3.69 and 5.60 wt% (median = 5.42 wt%). The major elements in Ge-free sphalerite range from 31.76 to 32.57 wt% S (median = 31.85 wt%) and from 58.56 to 61.87 wt% Zn (median = 60.29 wt%). Other trace elements like Cu, As, Se and In are below or close to the detection limit of EPMA in Ge-rich as well as in Ge-free sphalerite.
No discrete Ge-phases were detected by TEM in all analysed FIB foils from sphalerite arguing for a homogenous incorporation of Ge into the sphalerite lattice. As peculiarity, a 10-15 nm thick grain boundary in sphalerite (#4932) was observed by TEM where fluid inclusions are aligned like pearls on a string (Fig. 2) . Next to the fluid inclusions, a brighter As-rich area was detected along the grain boundary. Line scans with EDX analysis indicate an area of about 5 nm in width with increasing As values and simultaneously decreasing Zn and S concentrations. Electron diffraction patterns show that the As-rich phase represents the orthorhombic ZnAs (Fischer et al., 2014) .
Distribution of Au in arsenopyrite from Ashanti, Ghana
Arsenopyrite generally occurs as idiomorphic rhomb-shaped crystals ranging in size between 50 and 200 lm, but may locally reach up to several millimetres (Oberthür et al., 1997) . Element distribution maps obtained by EPMA were used to identify Au-enriched zones in the arsenopyrite for the preparation of the FIB foils (Figs. 3a and 3d) . The arsenopyrite grains are chemically heterogeneous and show concentric growth zoning. The cores of the arsenopyrite crystals are Au-poor, whereas elevated Au concentrations are observed in zones towards the rim followed by Au-poor outer rims. This confirms the observations of Oberthür et al. (1994 Oberthür et al. ( , 1997 . The element distribution maps also show variable As/S ratios within the arsenopyrite crystals, which typically increase stepped from core to rim of each grain (Figs. 3b, 3c, 3e, 3f) . The Au-rich zones in arsenopyrite were measured by EPMA and the analytical spots were positioned close to the FIB cuts (Figs. 1d and 1e) . The spot analyses (number of measurements n = 12, Table 4) show that the composition for the major elements ranges from 34.58 to 35.18 wt% Fe (median = 34.95 wt%), from 40.07 to 42.04 wt% As (median = 41.04 wt%), and from 21.34 to 22.55 wt% S (median = 21.85 wt%). The As/S ratios are rather low (with 28.12-29.75 at% As) in the Au-bearing zones. Nickel contents vary between ca. 170 and 1060 lg/g Ni (median % 300 lg/g), whereas Co and Sb are generally below the detection limit of EPMA. Gold concentrations are high ranging between ca. 400 and 3070 lg/g Au (median % 1900 lg/g).
Two types of nm-sized gold particles were identified by TEM in FIB foils (#4959, #4964, #4966) from auriferous arsenopyrite: elongated, rod-like Au grains about 40 nm in length and 5 nm in thickness (Fig. 4a) as well as roundish gold grains about 8 nm in diameter. At least the elongated gold grains are oriented parallel to each other within arsenopyrite. Additionally, fluid inclusions are observed in arsenopyrite containing discrete nm-sized gold grains of up to 50 nm in diameter (Fig. 4b) .
Discussion
Sphalerite -solid-solution of Ge
In general, the substitution of trace elements into a solid phase is controlled by the nature of the bonding, the size of the lattice site, and the charge balance (e.g., Johan, 1988; Belissont et al., 2014) . Sphalerite has a cubic crystal structure with tetrahedral coordination of Zn and S (Vaughan & Craig, 1978) . Germanium-bearing sphalerite from Tres Marias shows a positive correlation of Ge enrichment with Fe (Cook et al., 2009; Saini-Eidukat et al., 2009) , which suggests coupled substitution of Ge and Fe for Zn (Cook et al., 2009) . However, Cook et al. (2015) state that there is no correlation and no evidence for coupled substitution. Additionally, Cook et al. (2015) confirmed by XANES that Ge is present as Ge 4+ within Fe-rich sphalerite, which implies substitution of Zn 2+ in Fe-rich zones by Ge Shannon, 1976) . This indicates that direct substitution of Zn by Fe is possible, but this also implies that the substitution of Ge for Zn is unlikely when applying the rules of Goldschmidt (1926) that the ionic radii should not differ by less than 15%. However, the generation of vacancies for charge balance probably Trace elements in sphalerite and arsenopyrite on nm-scaleenables the incorporation of Ge into the sphalerite structure, and this effect is possibly facilitated by elevated Fe contents in sphalerite.
Arsenopyrite -nanometre-sized inclusions
Element distribution maps of arsenopyrite crystals obtained by EPMA showed: (1) concentric growth zoning with Au-poor cores followed by Au-enriched zones and finally Au-poor rims, and (2) chemical heterogeneity with increasing As/S ratios from centre to the rim (Fig. 3) . Natural arsenopyrite is commonly zoned with a S-rich centre and an As-rich rim (Kretschmar & Scott, 1976) . EPMA data for the Au-rich zones show that arsenopyrite is deficient in As compared to its stoichiometric composition resulting in a low As/S ratio which was reported from auriferous arsenopyrite elsewhere (Genkin et al., 1998; Vaughan & Kyin, 2004; Sung et al., 2009) . Compositional zoning and As deficiency reflect local disequilibrium during growth and local fluctuations in the activity of S and As (Kretschmar & Scott, 1976; Vaughan & Kyin, 2004) . Arsenopyrite is the most refractory of the common sulphides, which means that the crystals do not readily reequilibrate and the composition, therefore, reflects the conditions present during growth (Kretschmar & Scott, 1976) . These observations reflect a multistage evolution and the chemical change of the mineralising system during formation of arsenopyrite, which probably triggered precipitation of Au cogenetically with arsenopyrite along growth zones. Transmission electron microscopy of FIB foils from the Au-enriched zones identified that Au occurs as nm-sized native Au particles in two different habit types, namely rod-like and roundish grains. It is reasonable that the roundish gold grains represent rod-like gold grains of differing orientation, which are cut more or less perpendicular to their longitudinal axis. This indicates that the nm-sized gold particles are present in at least two distinct orientations within arsenopyrite. The additional occurrence of native Au grains in fluid inclusions (Fig. 4b) is evidence for a hydrothermal transport of Au, most likely as bisulfide complexes (Wood & Samson, 1998) . The nm-sized Au grains were perhaps formed by exsolution, but exsolution of gold is unlikely as the concentration of maximum 3070 lg/g Au is, according to Reich et al. (2005) , significantly below the solubility limit of 2 wt% Au in arsenopyrite. All observations combined argue for an enrichment of Au at the interface (crystallisation front) of crystallising arsenopyrite with the hydrothermal fluid and subsequent nucleation of Au at the surface of arsenopyrite after the critical concentration for nucleation was overstepped. The arsenopyrite lattice facilitated nucleation and oriented growth of Au simultaneously with arsenopyrite. The concentric zone of Au enrichment is parallel to the euhedral crystal boundaries, which indicates that precipitation of Au was cogenetic with growth of arsenopyrite. This mechanism is common in nature; for example, oriented sub-microscopic pyrrhotite inclusions are observed in apatite (Gottesmann & Wirth, 1997) .
Conclusions
The combination of FIB and TEM with EPMA is a useful tool in characterising the siting of trace elements in situ in Trace elements in sphalerite and arsenopyrite on nm-scale 331 their host minerals and can therefore be used for genetic implications of ore-forming processes. The example of Au in arsenopyrite of the present study demonstrates that submicroscopic discrete phases may cause the observed trace element concentrations visible at larger scale. On the contrary, Ge-rich sphalerite from Tres Marias is an example for homogeneous trace-element distribution in the crystal structure. The main results are: 1. Sphalerite from Tres Marias contains Ge concentrations of up to ca. 1430 lg/g and is characterised by elevated Fe contents. Germanium is homogeneously distributed in the sphalerite structure without the presence of distinct Ge-bearing phases in the form of inclusions or exsolutions. 2. Gold is present in distinct growth zones in arsenopyrite from the Ashanti deposit at concentration levels of up to 3000 lg/g Au. Orientated native Au crystals occur in the Au-enriched zones in arsenopyrite showing at least two distinct orientations. This argues for nucleation and oriented growth of native Au particles at the interface of crystallising arsenopyrite with hydrothermal fluid after a critical Au concentration is exceeded.
